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ABSTRACT
We propose a new strategy of finding strongly-lensed supernovae (SNe) by monitoring known galaxy-
scale strong-lens systems. Strongly lensed SNe are potentially powerful tools for the study of cos-
mology, galaxy evolution, and stellar populations, but they are extremely rare. By targeting known
strongly lensed starforming galaxies, our strategy significantly boosts the detection efficiency for lensed
SNe compared to a blind search. As a reference sample, we compile the 128 galaxy-galaxy strong-
lens systems from the Sloan Lens ACS Survey (SLACS), the SLACS for the Masses Survey, and the
Baryon Oscillation Spectroscopic Survey Emission-Line Lens Survey. Within this sample, we estimate
the rates of strongly-lensed Type Ia SN (SNIa) and core-collapse SN (CCSN) to be 1.23 ± 0.12 and
10.4±1.1 events per year, respectively. The lensed SN images are expected to be widely separated with
a median separation of 2 arcsec. Assuming a conservative fiducial lensing magnification factor of 5 for
the most highly magnified SN image, we forecast that a monitoring program with a single-visit depth
of 24.7 mag (5σ point source, r band) and a cadence of 5 days can detect 0.49 strongly-lensed SNIa
event and 2.1 strongly-lensed CCSN events per year within this sample. Our proposed targeted-search
strategy is particularly useful for prompt and efficient identifications and follow-up observations of
strongly-lensed SN candidates. It also allows telescopes with small field of views and limited time to
efficiently discover strongly-lensed SNe with a pencil-beam scanning strategy.
Subject headings: cosmology: observations—gravitational lensing: strong—supernovae: general
1. INTRODUCTION
Supernovae (SNe) are powerful tools for under-
standing fundamental physics from cosmology to
nucleosynthesis. Most prominently for cosmol-
ogy, the “standard-candle” nature of Type Ia SN
(SNIa) was used to discover the accelerating ex-
pansion of the Universe (e.g., Riess et al. 1998;
Schmidt et al. 1998; Perlmutter et al. 1999). By cali-
brating against distance-independent observables, Type
II SNe have also been used for cosmological studies (e.g.,
Nugent et al. 2006; Poznanski et al. 2009; Jones et al.
†
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2009; Kasen & Woosley 2009; Olivares E. et al. 2010;
de Jaeger et al. 2017), although the dispersion in the dis-
tance inferred from Type II SNe (∼ 10%) is a factor of ∼2
larger than that from SNe Ia (e.g., Betoule et al. 2014;
Rubin & Hayden 2016). Of particular interest for astro-
physics, observations of the pre- or early-explosion phases
of an SN can constrain the properties of its progenitor,
and by extension probe the physics of late-stage stel-
lar evolution (e.g., Soderberg et al. 2008; Nugent et al.
2011; Li et al. 2011b; Dilday et al. 2012; Wang et al.
2013; McCully et al. 2014; Foley et al. 2015; Ganot et al.
2016; Tornambe’ et al. 2017).
The strong gravitational lensing effect furnishes
another powerful tool for cosmology. From relative
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delays in the arrival times of multiple images, the
Hubble constant can be measured for a given lens-
ing mass model (e.g., Impey et al. 1998; Witt et al.
2000; Treu & Koopmans 2002; Koopmans et al.
2003; Suyu et al. 2010, 2013, 2014; Wong et al. 2017;
Bonvin et al. 2017). This so-called “time-delay cos-
mography” is independent of, and complementary to,
other cosmological probes such as standard-candle SNIa,
baryon acoustic oscillation (e.g., Eisenstein et al. 2005;
Percival et al. 2010; Anderson et al. 2014; Zhao et al.
2017; Wang et al. 2017; Alam et al. 2017), and the fluc-
tuation spectrum of the cosmic microwave background
(e.g., Bennett et al. 2013; Planck Collaboration et al.
2015). Further observational development of the
time-delay cosmography method is strongly motivated
because the the combination of different probes can
mitigate the cosmological parameter degeneracies of
each individual method. Furthermore, the lensed source
is usually magnified by a factor of ten or more, which
makes studies of faint objects beyond the detection
limit feasible (e.g., Bolton et al. 2006b; Quider et al.
2009; Christensen et al. 2012; Muzzin et al. 2012;
Bussmann et al. 2013; Stark et al. 2015; Karman et al.
2016; Shu et al. 2016a; Spilker et al. 2016).
The combination of these two tools in the single
phenomenon of strongly lensed SNe provides a simul-
taneous probe of cosmology and of SN physics. All
but one time-delay cosmography measurement to date
have used the relatively more common phenomenon
of strongly lensed quasi-stellar objects (QSOs). Com-
pared to lensed QSOs, lensed SNe (and especially
lensed SNIa) are more powerful for cosmological mea-
surements because 1) the optical light curves from
which time delays are determined are more regular
and better understood for SNe (e.g., Barbon et al.
1979; Doggett & Branch 1985; Kasen & Woosley 2009;
Sanders et al. 2015; Morozova et al. 2017) and 2) the
intrinsic luminosity of some SNe can be inferred in-
dependently of lensing to constrain the absolute lens-
ing magnifications. This extra constraint can be
used to break known degeneracies in the lens mod-
eling (e.g., Falco et al. 1985; Gorenstein et al. 1988;
Saha 2000; Wucknitz 2002; Liesenborgs & De Rijcke
2012; Schneider & Sluse 2013, 2014) and lead to a
more accurate measurement of the Hubble constant,
provided the effects from microlensing can be cor-
rected (e.g., Dobler & Keeton 2006; Goldstein et al.
2018; Yahalomi et al. 2017; Foxley-Marrable et al. 2018).
Furthermore, time delays between lensed images make
strong gravitational lensing a natural time machine. The
typical time delays in galaxy-scale strong lenses are on
the order of 1 day to 100 days. One can thus monitor
the SN explosion at the predicted location and time after
detecting the leading lensed image, and catch the trailing
images early in the explosive phase. It is in fact possi-
ble to watch the same explosion multiple times if there
are more than two lensed images (e.g., Kelly et al. 2015,
2016). A significant sample of strongly-lensed SNe could
therefore provide significant improvement in our under-
standing of pre- and early-explosion progenitor proper-
ties, especially in combination with the lensing magnifi-
cation effect.
Despite the great power of strongly-lensed SN systems,
there are only three serendipitous discoveries to date
(Quimby et al. 2014; Kelly et al. 2015; Goobar et al.
2017). The difficulty comes from the fact that a strongly
lensed SN system is an O(rare3) event. Strong-lensing
events (i.e. with multiple lensed images) are rare be-
cause they require a close alignment between the ob-
server, the lens, and the source. Studies suggest that
the strong-lens event rate on galaxy scales is on the or-
der of 1 in 1000 (e.g., Bolton et al. 2006a; Marshall et al.
2009). At the same time, SN events are rare too.
The SN rate in starburst galaxies is found to be a few
to ten events per century (e.g., Tammann et al. 1994;
Richmond et al. 1998; Mannucci et al. 2003; Diehl et al.
2006; Adams et al. 2013). Finally, SNe fade after ex-
plosion on rest-frame time scales of ∼ 50 days (e.g.,
Richardson et al. 2002; Li et al. 2011c). Therefore, ob-
servations need to be made in the window before the SNe
go below the detection limits.
A large sample of strongly lensed SNe is expected to
be discovered by the upcoming Large Synoptic Survey
Telescope (LSST) project. Oguri & Marshall (2010) pre-
dict that LSST will discover 46 strongly lensed SNIa and
84 strongly lensed core-collapse SN (CCSN, including
Type Ib/c and Type II) events with image separations
larger than 0.′′5 in ten years. Kostrzewa-Rutkowska et al.
(2013) and Goldstein & Nugent (2017) predict further-
more that LSST will detect 220–1400 strongly-lensed
SNIa and∼3800 strongly lensed CCSN events with image
separations as small as 0.′′1 in ten years. The numbers
of strongly lensed SNe in these latter predictions become
similar to the prediction of Oguri & Marshall (2010) if
limited to events with image separations larger than 0.′′5
and magnifications solely due to brightest images. Fur-
ther limiting to median image separations larger than 2′′,
Goldstein & Nugent (2017) predict that LSST will detect
an average of five (this number is estimated from their
Figure 5 as ∼20–25% of the total predictions) strongly
lensed SNIa events per year.
In this paper, we propose a new strategy of finding
strongly lensed SNe through monitoring of a sample of
known galaxy-scale strong-lens systems. The advan-
tages of this strategy are three-fold. Firstly, any SN
occurring at the location of a known strongly lensed
star-forming galaxy has a significantly higher probabil-
ity of itself being strongly lensed and multiply imaged,
as compared to a SN detected in the field. Secondly,
the multiple SN images detected in this sample will
have the same relatively wide image separations as their
lensed host galaxies (median of 2′′), facilitating inten-
sive early-time observation of trailing images and pre-
cise measurements of time delays. Lastly, compared
to galaxy clusters behind which previous searches for
lensed SNe were carried out (e.g., Goobar et al. 2009;
Postman et al. 2012; Pan & Loeb 2013; Rodney et al.
2015; Petrushevska et al. 2016, 2018), the foreground
lens objects of our work are primarily isolated early-type
galaxies, which have relatively smooth and simple mass
profiles that can be more robustly constrained from lens-
ing data. This advantage is significant for the application
of detected strongly lensed SNe to time-delay cosmogra-
phy.
This paper is organized as follows. Section 2 intro-
duces the compilation of strong-lens systems used. Sec-
tion 3 describes our procedure for estimating the star-
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formation rates and SN rates in the lensed sources. Pre-
dictions for detectable SN rates given particular sur-
vey depths are presented in Section 4. Discussions and
conclusions are given in Sections 5 and 6. Throughout
the paper, we adopt a fiducial cosmological model with
Ωm = 0.308, ΩΛ = 0.692 and H0 = 67.8 km s
−1Mpc−1
(Planck Collaboration et al. 2015).
2. STRONG-LENS SAMPLE COMPILATION
To date, almost 300 galaxy-scale strong-lens
systems have been discovered (e.g., Walsh et al.
1979; Mun˜oz et al. 1998; Browne et al. 2003;
Bolton et al. 2008; Faure et al. 2008; Treu et al. 2011;
Brownstein et al. 2012; More et al. 2012; Inada et al.
2012; Vieira et al. 2013; Sonnenfeld et al. 2013;
Stark et al. 2013; Pawase et al. 2014; More et al. 2016;
Shu et al. 2016c; Negrello et al. 2017; Sonnenfeld et al.
2017; Shu et al. 2017). In this work, we build a compila-
tion of 128 strong-lens systems from the Sloan Lens ACS
Survey (SLACS; Bolton et al. 2008, 63 systems), the
SLACS for the Masses Survey (S4TM; Shu et al. 2017,
40 systems), and the Baryon Oscillation Spectroscopy
Survey (BOSS) Emission-Line Lens Survey (BELLS;
Brownstein et al. 2012, 25 systems). The strong-lens
systems in these three surveys are selected by the tech-
nique introduced in Bolton et al. (2004), which ensures
that the lensing object is massive early-type galaxy
while the lensed object is a galaxy with significant
star formation as indicated by the securely detected
[Oii]λλ3727 emission along with (in many cases) Hβ,
[Oiii]4959, [Oiii]5007, and Hα emission. Accurate lens
models have been derived from Hubble Space Telescope
(HST) imaging data for all the systems. The lens and
source redshifts are spectroscopically determined. The
median lens and source redshifts for the SLACS, S4TM,
and BELLS lens samples are (zL = 0.20, zS = 0.60),
(zL = 0.16, zS = 0.59), and (zL = 0.52, zS = 1.18),
respectively. The median image separation in this
compilation is 2′′.
3. STAR-FORMATION RATE AND SUPERNOVA RATES
The rate of core-collapse SN (CCSN, including
Type Ib/c and Type II) in a galaxy, associated
with the final collapse of short-lived massive stars,
is significantly correlated with the star-formation rate
(SFR) (e.g., Madau et al. 1998; Dahle´n & Fransson
1999; Hopkins & Beacom 2006; Dahlen et al. 2012;
Melinder et al. 2012). The rate of SNIa depends on
other host-galaxy properties in addition to SFR (e.g.,
Sullivan et al. 2006; Li et al. 2011a; Smith et al. 2012;
Graur et al. 2015). Following previous work (e.g.,
Greggio et al. 2008; Maoz et al. 2011), we determine the
SNIa rate in our sample by convolving the star-formation
history (SFH) with the SNIa delay-time distribution,
which has been calibrated against observations to ac-
count for some of the most important host-galaxy prop-
erty dependences (for instance, on host-galaxy mass and
age. )
3.1. Intrinsic [O ii] Flux Determination
To enable SFR estimation, we first determine the
intrinsic integrated [Oii] flux of each lensed source,
which has been shown to be an empirical SFR indica-
tor (e.g., Gallagher et al. 1989; Kennicutt 1992, 1998;
Hogg et al. 1998; Jansen et al. 2001; Cardiel et al. 2003;
Hopkins et al. 2003; Kewley et al. 2004; Moustakas et al.
2006; Gilbank et al. 2010; Hayashi et al. 2013). We note
that a small fraction (∼ 10%) of our lensed sources
also show Hα emission in the optical spectroscopic
data, which is in principle a better SFR indicator than
[Oii] (e.g., Kennicutt 1983, 1998; Moustakas et al. 2006).
Nevertheless, for uniformity, we only use [Oii] flux for the
SFR estimation for the entire sample.
The observed integrated [Oii] flux, F[Oii], is measured
from the SDSS or BOSS spectrum, collected by a fiber
centered on the lens galaxy. The lens-galaxy spectrum
is first subtracted following procedures in Bolton et al.
(2006a), Brownstein et al. (2012), Bolton et al. (2012a),
and Shu et al. (2016b). The [Oii] emission profile is then
fitted by a double Gaussian plus a first-order polyno-
mial (i.e. a line). The ratio of the central wavelengths
of the two Gaussians is fixed to 3727.09/3729.88. The
parameter optimization is done using the Levenberg-
Marquardt algorithm implemented in the MPFIT package
(Markwardt 2009). The best-fit integrated [Oii] fluxes of
the lensed sources are provided in Column (7) of Tabel 1.
Note that we choose not to report results for 18 systems
for which the inferred [Oii] flux error is larger than the
best-fit [Oii] flux. Calculations of the SFR and SN rates
in the rest of the paper are based on the remaining 110
strong-lens systems after excluding these 18.
To obtain the intrinsic [Oii] integrated flux, we cor-
rect for the lensing magnification and fiber loss, as in-
ferred from the strong-lens models. For the S4TM lensed
sources, we use the lens models from Shu et al. (2017).
We re-model the SLACS strong-lens systems following
the same methodology as Shu et al. (2017) because their
lensing magnifications are not publicly available. For
consistency, we also re-model the BELLS strong-lens sys-
tems in the same way. We calculate the total magnifica-
tion, µ, for each lens system. To quantify the uncertainty
in µ due to different lens-modeling tools, we compare
our values to the published values in Brownstein et al.
(2012) for the 25 BELLS strong-lens systems. The aver-
age µ ratio, defined as µthiswork/µBrownstein2012, is 0.94,
indicating relatively little bias in the µ determination.
The standard deviation of the µ-ratio distribution is 0.16,
which we adopt as the fractional uncertainty in µ. The
fraction of the lensed-source flux captured by either the
3′′-diameter fiber (for SLACS and S4TM lenses) or the
2′′-diameter fiber (for BELLS lenses), denoted as ffiber,
is determined by convolving the best-fit model of the
lensed images obtained from the HST imaging data with
the ground-based point spread function of the spectro-
scopic observation. A top-hat kernel matched with the
specific fiber size is then applied to the convolved image
to determine ffiber. Columns (5) and (6) of Tabel 1 list
µ and ffiber values. The intrinsic source [Oii] integrated
flux is then computed as
F intrinsic[Oii] = F[Oii]/ffiber/µ. (1)
Note that all the strong-lens models, and hence the de-
rived µ and ffiber quantities, are based on HST F814W
wide-band imaging data, which covers roughly 7500A˚–
9500A˚ in the observed frame. In the source rest frame,
these HST observations probe continuum emission at
4500A˚–6000A˚ (for the SLACS and S4TM lensed sources
4 Shu et al. 2018
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Fig. 1.— Histograms of the total magnification, µ, and the fraction of flux captured by the fiber, ffiber, derived from the best-fit lens
models for the full lens compilation (solid black) as well as the three individual lens samples (dashed colors). The gray lines represent the
best analytical fits to the full-sample histograms.
with an average redshift of 0.6) and 3400A˚–4300A˚ (for
the BELLS lensed sources with an average redshift of
1.2.) Strictly speaking, the derived µ and ffiber apply to
the source continuum-emitting regions. We nevertheless
adopt these as the values for the source [Oii] emitting
regions simply because no other data are available for
better determinations of µ and ffiber of [Oii] emission.
At least for BELLS lensed sources, this approximation
should be reasonably accurate because the [Oii] emission
is driven by the ultraviolet (UV) radiation from massive
young stars, which are also primarily responsible for the
UV continuum emission around 3400A˚–4300A˚.
The distributions of µ and ffiber for the full sample,
as well as for each individual lens sample, are shown in
Figure 1. The µ-histogram of the full sample suggests
that the probability density function (PDF) of log10 µ
can be well characterized by a skew-normal function as
p(log10 µ) =
2
σlog
10
µ
φ(
log10(µ/µ0)
σlog
10
µ
)Φ(α(
log10(µ/µ0)
σlog
10
µ
)),
(2)
in which φ(x) and Φ(x) are the PDF and cumulative
density function of a Gaussian distribution, respectively.
The three parameters µ0, σlog
10
µ, and α describe the lo-
cation, scale, and degree of skewness of the log10 µ PDF
(respectively). The gray curve in the left panel of Fig-
ure 1 shows the best skew-normal fit to the histogram of
the full sample (in black) with
µ0 = 5.0± 1.9, (3)
σlog
10
µ = 0.91± 0.09, (4)
α = 2.5± 1.0. (5)
We find that the µ-distributions of the three individ-
ual lens samples (as shown by the dashed histograms
in color) show no significant deviation from that of the
full sample.
The ffiber PDF of the full sample can be approximated
as a Gaussian function with best-fit mean ffiber,0 and
standard deviation σffiber parameters given by
ffiber,0 = 0.44± 0.02, (6)
σffiber = 0.16± 0.02. (7)
The distributions of the individual lens samples are sim-
ilar at small ffiber values, but become significantly differ-
ent at large ffiber. The BELLS lens sample does not have
any system with ffiber > 60%. This is primarily related
to the fact that the fiber size for BELLS lens systems is
more than 30% smaller than that of SLACS and S4TM
lens systems. On the other hand, over 40% of the S4TM
lens systems have ffiber > 60%, which is much larger than
the fraction for the SLACS lens systems (< 5%) with the
same fiber size. We attribute this difference to the fact
that the S4TM lens galaxies are, on average, a factor of
two less massive than the SLACS lens galaxies as found
in Shu et al. (2017). With similar lens and source red-
shifts, the less massive S4TM lens galaxies form lensed
images with smaller angular separations, which are more
likely to be covered by the fiber.
3.2. Star-formation Rate from [O ii] Luminosity
Additional calibration is generally needed for an [Oii]-
derived SFR because [Oii] emission is not directly cou-
pled to the ionizing flux alone, but rather is also sensi-
tive to the oxygen abundance. In addition, the intrin-
sic [Oii] luminosity can not be accurately inferred with-
out correction for dust extinction. Various studies have
attempted to calibrate the [Oii]-derived SFR against
other observables such as oxygen abundance, [Oii]/Hα
line ratio, broad-band luminosity, stellar mass, and [Oii]
equivalent width (e.g., Hicks et al. 2002; Kewley et al.
2004; Moustakas et al. 2006; Argence & Lamareille 2009;
Gilbank et al. 2010; Mostek et al. 2012; Hayashi et al.
2013; Talia et al. 2015). However, due to the limited
data available for the lensed sources, we can not perform
a full calibration on a system-by-system basis. Instead,
we analyze the subsample of our lens compilation with
detected Hα emission, and apply the resulting calibration
to the full sample.
Hα luminosity is one of the most reliable SFR indica-
tors, since it scales directly with ionizing flux. A com-
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Fig. 2.— SFR-redshift relation for the SLACS (in green), S4TM
(in blue) and BELLS (in red) lensed sources. The black line repre-
sents the SFR-redshift relation defined in Equation (16) normalized
at zS = 0.9 where the three lens samples have a substantial overlap.
monly used conversion due to Kennicutt (1998) is
SFR
M⊙yr−1
= 7.9× 10−42
LHα
erg s−1
, (8)
which assumes no dust and a Salpeter initial mass func-
tion (IMF, Salpeter 1955). Here, LHα is the intrinsic Hα
luminosity. In the presence of dust, we can rewrite this
relation as
SFR
M⊙yr−1
= 7.9× 10−42
100.4AHαLobsHα
erg s−1
,
in which LobsHα is the observed Hα luminosity and AHα
is the dust extinction at the wavelength of Hα. We can
further transform the conversion as
SFR
M⊙yr−1
=
100.4AHα
F[Oii]/FHα
Lobs[Oii]
1.27× 1041erg s−1
,
in which F[Oii], FHα, and L
obs
[Oii] are the observed, dust-
extinction uncorrected [Oii] flux, Hα flux, and [Oii] lumi-
nosity, respectively. The [Oii] luminosity is simply com-
puted from the [Oii] flux F intrinsic[Oii] as
L[Oii] = 4piD
2
L(zS)F
intrinsic
[Oii] , (9)
where DL(zS) is the luminosity distance at the source
redshift zS.
We use the 12 strong-lens systems with simultaneously
detected Hα emissions to establish a fiducial [Oii]/Hα
ratio for the full lens compilation. We fit a single Gaus-
sian plus a first-order polynomial to the observed Hα
emission in the residual spectrum to obtain the observed
Hα flux for these 12 lensed sources. We find that the
Hα/[Oii] flux ratio is centered at 1.2 with a scatter of
0.5, consistent with the results in Hayashi et al. (2013),
who studied a sample of z = 1.47 [Oii] emitters. Fur-
thermore, the typical [Oii] luminosity level of the full
lensed-source sample is about (4 − 60) × 1041 erg s−1,
which is also similar to that of the [Oii] emitter sample
in Hayashi et al. (2013). Based on the Hα/[Oii] flux ra-
tio, Hayashi et al. (2013) estimated the dust extinction
at Hα to be 0.35 mag using the empirical relation from
Sobral et al. (2012). We thus assume the F[Oii]/FHα ra-
tio for the full lens compilation is 0.83 ± 0.35, and AHα
is 0.35 mag. The conversion from L[Oii] to SFR now be-
comes
SFR
M⊙yr−1
= (1.31± 0.55)× 10−41L[Oii]. (10)
Note that this conversion is obtained assuming a Salpeter
IMF, while recent studies have suggested that the stellar
IMF may vary with galaxy properties (e.g., Treu et al.
2010; Auger et al. 2010; van Dokkum & Conroy
2010; Strader et al. 2011; Cappellari et al. 2012;
Sonnenfeld et al. 2012; Spiniello et al. 2012;
Ferreras et al. 2013; La Barbera et al. 2013;
Conroy et al. 2013; Tortora et al. 2013; Brewer et al.
2014; Spiniello et al. 2014; Shu et al. 2015; Li et al.
2017). An extra factor of 0.67 would need to be included
to convert the reported SFRs to values under the
assumption of a Kroupa IMF (Kroupa 2001), to account
for the mass ratio between the two IMFs for the same
amount of ionizing radiation (e.g., Brinchmann et al.
2004; Gilbank et al. 2010).
The estimated intrinsic SFRs for the lensed sources
from the above analysis are provided in Column (8) of Ta-
ble 1. The uncertainty in the SFR takes into account un-
certainties in the apparent [Oii] flux, total magnification,
and conversion factor from [Oii] luminosity to SFR. Fig-
ure 2 shows the estimated SFR against redshift of each
individual lensed sources from the three lens samples in
different colors. We find that the SFRs for the lensed
sources range from 0.3 M⊙ yr
−1 to 267 M⊙ yr
−1. The
median SFRs for the SLACS, S4TM, and BELLS lensed
sources are 6 M⊙ yr
−1, 5 M⊙ yr
−1, and 68 M⊙ yr
−1, re-
spectively. Furthermore, there is a strong correlation
between SFR and source redshift, which is primarily a
selection bias, since all the lens systems are selected to
have their apparent [Oii] fluxes above a certain signal-to-
noise ratio (SNR) threshold. One can see from Column
(7) in Table 1 that the apparent [Oii] flux level is indeed
similar across the three lens samples. As a result, the
intrinsic [Oii] luminosities, and hence the derived SFRs,
are higher at progressively higher redshifts. To further
contextualize this, we overplot the cosmic star-formation
history trend given by Madau & Dickinson (2014, i.e.,
Equation (16) in this work) in black in Figure 2. This
trend is normalized such that the SFR at zS = 0.9, where
the three lens samples overlap, is equal to the median
SFR of the lensed sources within 0.85 < zS < 0.95. It
can be seen that the lensed galaxies in our combined sam-
ple are more intensely star-forming at higher redshifts,
even after taking into account the cosmic evolution of
the SFR.
3.3. Supernova Rates from Star-formation Rate
3.3.1. Core-Collapse Supernova Rate
The rate of CCSNe is proportional to recent SFR
(e.g., Dahle´n & Fransson 1999; Oguri & Marshall 2010)
according to the relation
Ncc =
1
1 + zS
kcc × SFR, (11)
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Fig. 3.— Distributions of the expected occurrence rates of SNIa (left) and CCSN (right) vs. source redshift for the three lens samples
along with the 1-D histograms shown at the side.
in which kcc is the number of CCSNe per unit mass,
and Ncc is the occurrence rate of CCSNe per year. An
extra factor of (1 + zS)
−1 is applied to account for the
time dilation because the derived SFRs are values in the
lensed-source rest frame while we are interested in the SN
rates in the observed frame (The same factor is applied
to the SNIa rate calculation below as well). Effectively,
kcc is the number of CCSN progenitors per unit mass,
averaged across all recently formed stars. Assuming a
particular IMF, φ(m), kcc can be computed as
kcc =
∫M2
M1
φ(M)dM
∫Mmax
Mmin
M φ(M)dM
, (12)
in which Mmin and Mmax are the lower and upper cut-
off masses for the considered IMF, and M1–M2 repre-
sents the mass range of CCSN progenitors. To be con-
sistent with the IMF choice for the SFR estimation,
we choose a Salpeter IMF with Mmin = 0.1M⊙ and
Mmax = 125M⊙. The mass range of CCSN progenitors is
assumed to be 8–50 M⊙, since more massive stars likely
form black holes instead of SNe (e.g., Tsujimoto et al.
1997; Hopkins & Beacom 2006; Oguri & Marshall 2010;
Dahlen et al. 2012; Melinder et al. 2012). Under these
assumptions, kcc is computed to be 0.0070 M
−1
⊙ . Note
that Strolger et al. (2015) empirically found kcc to be
0.0091 ± 0.0017 M−1⊙ , broadly consistent with the value
we adopt here.
3.3.2. Type Ia Supernova Rate
In principle, the occurrence rate of SNIa can
be similarly estimated (e.g., Dahle´n & Fransson 1999;
Oguri & Marshall 2010) according to
NIa = η CIa
∫ t(zS)
tmin
SFR(t(zS)− tD)fD(tD; τ)dtD
(1 + zS)
∫ t(0)
tmin
fD(tD; τ)dtD
(13)
CIa =
∫M ′
2
M ′
1
φ(M)dM
∫Mmax
Mmin
mφ(M)dM
, (14)
in which M ′1 = 3M⊙ and M
′
2 = 8M⊙ are the mass
limits of SNIa progenitors, η is the fraction of progeni-
tors that successfully explode as an SNIa, and fD(tD; τ)
is the delay-time (tD) distribution with a characteristic
time scale τ and a minimum delay time tmin. However,
this conversion is subject to significant systematics. In
particular, η, τ , and fD(tD; τ) are not well constrained.
Usually, η is calibrated by matching the predicted rate at
z = 0 to the observed SNIa rate in the local universe. The
typical value for η is 4%–10% (e.g., Madau et al. 1998;
Dahlen et al. 2004; Hopkins & Beacom 2006; Maoz et al.
2012), which depends on the assumed delay-time dis-
tribution and τ value. To be conservative, we choose
η = 4%. Again choosing a Salpeter IMF, we have
NIa = 0.00084M
−1
⊙
∫ t(zS)
tmin
SFR(t(zS)− tD)fD(tD; τ)dtD
(1 + zS)
∫ t(0)
tmin
fD(tD; τ)dtD
.
(15)
We assume the SFHs of lensed sources, SFR(t(z)), fol-
low the best-fit functional form of the observed cosmic
SFH in Madau & Dickinson (2014), and use the mea-
sured SFRs at zS as normalizations
SFR(t(z)) = SFR(zS)(
1 + z(t)
1 + zS
)2.7
[1 + (1+zS2.9 )
5.6]
[1 + (1+z(t)2.9 )
5.6]
.
(16)
As will be shown later, the SNIa rates in this sample
are primarily determined by the most recent SFRs, and
therefore different assumptions on the SFHs will only
introduce minor variations in the estimated SNIa rates
that are negligible compared to the overall uncertainties.
The delay-time distribution is assumed to be a simple
power law with no minimum delay time, as suggested in
Maoz et al. (2012):
fD(tD; τ) ∝ t
−1.07
D . (17)
The rates of CCSN and SNIa can now be estimated
following Equations (11) and (15), and are given in
Columns (9) and (10) of Table 1 for each individual
lensed source. The rate of SNIa, NIa, is 0.0002–0.09 per
year in the individual lensed galaxies, and the median
NIa for the SLACS, S4TM, and BELLS lensed source
are 0.004, 0.003, and 0.03 per year, respectively. The
rate of CCSN in individual lens galaxies, Ncc, is 0.002–
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TABLE 1
Useful properties of the compilation of strong lenses.
Target Position zL zS µ ffiber F[Oii] SFR Ncc NIa
M⊙ yr−1 yr−1 yr−1
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
SLACSJ 0008−0004 00:08:02.96−00:04:08.20 0.44 1.19 5 43% ... ... ... ...
SLACSJ 0029−0055 00:29:07.77−00:55:50.50 0.23 0.93 23 61% 3.3 ± 1.1 5.3 ± 3.0 0.019 ± 0.011 0.0023 ± 0.0013
SLACSJ 0037−0942 00:37:53.22−09:42:20.14 0.20 0.63 6 34% 2.2 ± 0.5 6.3 ± 3.2 0.027 ± 0.014 0.0035 ± 0.0018
SLACSJ 0044+0113∗ 00:44:02.90+01:13:12.50 0.12 0.20 2 53% 14.5 ± 2.4 2.5 ± 1.2 0.014 ± 0.007 0.0022 ± 0.0010
SLACSJ 0109+1500 01:09:33.74+15:00:32.50 0.29 0.52 2 55% 2.4 ± 1.0 6.1 ± 3.8 0.028 ± 0.017 0.0038 ± 0.0023
SLACSJ 0157−0056 01:57:58.94−00:56:26.10 0.51 0.92 2 28% 2.5 ± 1.4 83.9 ± 60.2 0.305 ± 0.219 0.0368 ± 0.0264
SLACSJ 0216−0813 02:16:52.53−08:13:45.44 0.33 0.52 3 26% 4.6 ± 1.1 19.6 ± 10.1 0.090 ± 0.046 0.0121 ± 0.0062
SLACSJ 0252+0039 02:52:45.21+00:39:58.40 0.28 0.98 16 53% 6.3 ± 0.6 19.2 ± 8.8 0.068 ± 0.031 0.0080 ± 0.0037
SLACSJ 0330−0020 03:30:12.14−00:20:51.90 0.35 1.07 4 47% 4.7 ± 0.9 98.3 ± 47.8 0.332 ± 0.162 0.0387 ± 0.0188
SLACSJ 0405−0455 04:05:35.42−04:55:52.40 0.08 0.81 16 73% 1.7 ± 0.3 2.1 ± 1.0 0.008 ± 0.004 0.0010 ± 0.0005
SLACSJ 0728+3835 07:28:04.95+38:35:25.70 0.21 0.69 10 52% 1.8 ± 0.9 2.8 ± 1.9 0.012 ± 0.008 0.0015 ± 0.0010
SLACSJ 0737+3216 07:37:28.44+32:16:18.66 0.32 0.58 14 52% 7.2 ± 1.5 4.6 ± 2.3 0.020 ± 0.010 0.0027 ± 0.0013
SLACSJ 0822+2652 08:22:42.32+26:52:43.50 0.24 0.59 7 46% 2.1 ± 0.5 3.2 ± 1.6 0.014 ± 0.007 0.0018 ± 0.0009
SLACSJ 0841+3824 08:41:28.81+38:24:13.70 0.12 0.66 5 30% ... ... ... ...
SLACSJ 0903+4116 09:03:15.19+41:16:09.10 0.43 1.06 8 48% 3.1 ± 1.9 26.9 ± 20.7 0.091 ± 0.070 0.0106 ± 0.0082
SLACSJ 0912+0029∗ 09:12:05.31+00:29:01.18 0.16 0.32 6 26% 4.4 ± 2.0 2.5 ± 1.6 0.013 ± 0.008 0.0019 ± 0.0012
SLACSJ 0935−0003 09:35:43.93−00:03:34.80 0.35 0.47 3 34% 3.2 ± 2.7 6.9 ± 6.6 0.033 ± 0.031 0.0045 ± 0.0043
SLACSJ 0936+0913 09:36:00.77+09:13:35.80 0.19 0.59 7 55% 2.4 ± 0.7 3.0 ± 1.6 0.013 ± 0.007 0.0018 ± 0.0010
SLACSJ 0946+1006 09:46:56.68+10:06:52.80 0.22 0.61 18 46% 7.0 ± 1.9 4.6 ± 2.4 0.020 ± 0.011 0.0026 ± 0.0014
SLACSJ 0955+0101∗ 09:55:19.72+01:01:44.40 0.11 0.32 4 50% 5.2 ± 0.9 2.1 ± 1.0 0.011 ± 0.005 0.0016 ± 0.0008
SLACSJ 0956+5100 09:56:29.78+51:00:06.39 0.24 0.47 8 45% 4.6 ± 1.4 2.9 ± 1.6 0.014 ± 0.007 0.0019 ± 0.0010
SLACSJ 0959+0410 09:59:44.07+04:10:17.00 0.13 0.54 5 56% 3.9 ± 1.7 4.9 ± 3.1 0.023 ± 0.014 0.0030 ± 0.0019
SLACSJ 0959+4416 09:59:00.96+44:16:39.40 0.24 0.53 9 57% 2.6 ± 0.7 1.9 ± 1.0 0.009 ± 0.005 0.0011 ± 0.0006
SLACSJ 1016+3859 10:16:22.86+38:59:03.30 0.17 0.44 5 40% 1.8 ± 0.7 1.6 ± 1.0 0.008 ± 0.005 0.0010 ± 0.0006
SLACSJ 1020+1122 10:20:26.54+11:22:41.10 0.28 0.55 6 51% 2.6 ± 1.0 3.3 ± 1.9 0.015 ± 0.009 0.0019 ± 0.0012
SLACSJ 1023+4230 10:23:32.26+42:30:01.80 0.19 0.70 11 39% ... ... ... ...
SLACSJ 1029+0420 10:29:22.94+04:20:01.80 0.10 0.62 4 47% 2.3 ± 0.8 7.6 ± 4.3 0.033 ± 0.019 0.0043 ± 0.0024
SLACSJ 1032+5322∗ 10:32:35.84+53:22:34.90 0.13 0.33 3 38% 9.2 ± 1.0 6.0 ± 2.8 0.032 ± 0.015 0.0045 ± 0.0021
SLACSJ 1100+5329 11:00:24.39+53:29:13.71 0.32 0.86 13 28% 6.8 ± 2.0 30.7 ± 16.5 0.116 ± 0.062 0.0142 ± 0.0076
SLACSJ 1103+5322 11:03:08.21+53:22:28.20 0.16 0.74 3 24% 5.4 ± 3.1 76.3 ± 55.5 0.308 ± 0.224 0.0388 ± 0.0283
SLACSJ 1106+5228 11:06:46.16+52:28:37.70 0.10 0.41 25 23% 8.3 ± 3.5 2.3 ± 1.4 0.011 ± 0.007 0.0016 ± 0.0010
SLACSJ 1112+0826 11:12:50.60+08:26:10.40 0.27 0.63 4 11% 2.6 ± 0.8 32.0 ± 17.6 0.137 ± 0.075 0.0179 ± 0.0098
SLACSJ 1134+6027 11:34:05.88+60:27:13.20 0.15 0.47 2 18% ... ... ... ...
SLACSJ 1142+1001 11:42:57.35+10:01:11.80 0.22 0.50 3 42% 2.5 ± 0.7 5.1 ± 2.7 0.024 ± 0.012 0.0032 ± 0.0017
SLACSJ 1143−0144∗ 11:43:29.64−01:44:30.00 0.11 0.40 4 18% 9.0 ± 1.1 16.6 ± 7.7 0.083 ± 0.039 0.0116 ± 0.0054
SLACSJ 1153+4612 11:53:10.79+46:12:05.30 0.18 0.88 10 59% 2.7 ± 0.7 7.8 ± 4.0 0.029 ± 0.015 0.0035 ± 0.0018
SLACSJ 1204+0358 12:04:44.07+03:58:06.39 0.16 0.63 9 49% 4.9 ± 1.4 6.9 ± 3.7 0.030 ± 0.016 0.0039 ± 0.0021
SLACSJ 1205+4910 12:05:40.44+49:10:29.38 0.21 0.48 13 46% 6.2 ± 0.6 2.7 ± 1.2 0.013 ± 0.006 0.0017 ± 0.0008
SLACSJ 1213+6708 12:13:40.58+67:08:29.00 0.12 0.64 8 32% 2.8 ± 0.8 7.4 ± 3.9 0.032 ± 0.017 0.0041 ± 0.0022
SLACSJ 1218+0830 12:18:26.70+08:30:50.30 0.14 0.72 4 30% ... ... ... ...
SLACSJ 1250+0523 12:50:28.26+05:23:49.07 0.23 0.80 10 46% 6.2 ± 1.7 17.6 ± 9.3 0.069 ± 0.036 0.0086 ± 0.0045
SLACSJ 1251−0208 12:51:35.71−02:08:05.17 0.22 0.78 4 48% 3.4 ± 1.0 20.4 ± 11.0 0.080 ± 0.043 0.0100 ± 0.0054
SLACSJ 1402+6321 14:02:28.22+63:21:33.34 0.20 0.48 33 37% ... ... ... ...
SLACSJ 1403+0006 14:03:29.49+00:06:41.30 0.19 0.47 3 45% ... ... ... ...
SLACSJ 1416+5136 14:16:22.34+51:36:30.40 0.30 0.81 4 22% 3.1 ± 1.4 54.0 ± 34.7 0.209 ± 0.134 0.0259 ± 0.0166
SLACSJ 1420+6019 14:20:15.85+60:19:14.80 0.06 0.54 13 49% 7.0 ± 1.5 3.9 ± 2.0 0.018 ± 0.009 0.0024 ± 0.0012
SLACSJ 1430+4105 14:30:04.10+41:05:57.10 0.28 0.58 6 35% 8.6 ± 1.8 18.5 ± 9.2 0.082 ± 0.041 0.0109 ± 0.0054
SLACSJ 1432+6317 14:32:13.34+63:17:03.80 0.12 0.66 4 38% 9.2 ± 1.4 45.3 ± 21.5 0.190 ± 0.090 0.0245 ± 0.0116
SLACSJ 1436−0000 14:36:27.54−00:00:29.10 0.29 0.80 4 43% 2.7 ± 0.8 18.9 ± 10.0 0.073 ± 0.039 0.0091 ± 0.0048
SLACSJ 1443+0304 14:43:19.62+03:04:08.25 0.13 0.42 7 41% 1.5 ± 0.5 0.9 ± 0.5 0.005 ± 0.003 0.0006 ± 0.0003
SLACSJ 1451−0239 14:51:28.19−02:39:36.40 0.13 0.52 11 45% 5.3 ± 1.1 3.3 ± 1.7 0.015 ± 0.008 0.0021 ± 0.0010
SLACSJ 1525+3327 15:25:06.70+33:27:47.40 0.36 0.72 4 32% 3.7 ± 0.7 23.6 ± 11.4 0.096 ± 0.046 0.0122 ± 0.0059
SLACSJ 1531−0105 15:31:50.08−01:05:45.60 0.16 0.74 10 28% ... ... ... ...
SLACSJ 1538+5817 15:38:12.94+58:17:09.69 0.14 0.53 8 41% 15.0 ± 1.4 16.5 ± 7.5 0.075 ± 0.035 0.0101 ± 0.0046
SLACSJ 1621+3931 16:21:32.99+39:31:44.60 0.24 0.60 8 47% 9.7 ± 8.0 13.5 ± 12.6 0.059 ± 0.055 0.0077 ± 0.0072
SLACSJ 1627−0053 16:27:46.45−00:53:57.56 0.21 0.52 20 49% 3.7 ± 0.7 1.3 ± 0.6 0.006 ± 0.003 0.0008 ± 0.0004
SLACSJ 1630+4520 16:30:28.16+45:20:36.28 0.25 0.79 9 22% 2.7 ± 1.0 16.7 ± 9.6 0.065 ± 0.038 0.0081 ± 0.0047
SLACSJ 1636+4707 16:36:02.62+47:07:29.57 0.23 0.67 8 62% 1.5 ± 0.6 2.3 ± 1.3 0.010 ± 0.006 0.0012 ± 0.0007
SLACSJ 2238−0754 22:38:40.20−07:54:56.05 0.14 0.71 12 52% 5.3 ± 1.3 7.4 ± 3.8 0.030 ± 0.016 0.0039 ± 0.0020
SLACSJ 2300+0022 23:00:53.14+00:22:37.95 0.23 0.46 12 49% 2.0 ± 0.8 0.7 ± 0.5 0.004 ± 0.002 0.0005 ± 0.0003
SLACSJ 2303+1422 23:03:21.72+14:22:17.91 0.16 0.52 8 41% 1.6 ± 0.8 1.6 ± 1.1 0.007 ± 0.005 0.0010 ± 0.0007
SLACSJ 2321−0939 23:21:20.93−09:39:10.27 0.08 0.53 12 33% 7.6 ± 1.6 6.7 ± 3.3 0.031 ± 0.015 0.0041 ± 0.0020
SLACSJ 2341+0000 23:41:11.57+00:00:18.70 0.19 0.81 11 44% ... ... ... ...
Note. — Column 1 is the system name with leading letters indicating the specific survey program. Column 2 is the system position in
right ascension and declination. Columns 3 and 4 are the lens and source redshifts inferred from the SDSS/BOSS spectrum. Column 5
provides the inferred total magnification from the best-fit lens model. Columns 6 and 7 are the fraction of source flux and apparent [Oii]
flux (in units of 10−16 erg s−1 cm2) collected by the SDSS/BOSS fiber. Columns 8 is the intrinsic SFR estimated from [Oii] flux. Columns
9 and 10 are the core-collapse SN rate, and Type-Ia SN rate inferred from the SFR. Asterisked are systems with simultaneous Hα detections.
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TABLE 1
Continued
Target Position zL zS µ ffiber F[Oii] SFR Ncc NIa
M⊙ yr−1 yr−1 yr−1
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
S4TMJ0143−1006 01:43:56.58−10:06:33.70 0.22 1.10 3 33% 4.3 ± 1.8 159.5 ± 99.1 0.531 ± 0.330 0.0614 ± 0.0381
S4TMJ0159−0006 01:59:30.14−00:06:12.40 0.16 0.75 6 56% 1.7 ± 0.6 5.2 ± 2.9 0.021 ± 0.012 0.0026 ± 0.0015
S4TMJ0324+0045 03:24:15.50+00:45:05.50 0.32 0.92 14 77% 1.5 ± 0.7 2.9 ± 1.8 0.010 ± 0.007 0.0013 ± 0.0008
S4TMJ0324−0110 03:24:54.50−01:10:29.10 0.45 0.62 4 79% 2.1 ± 0.4 3.5 ± 1.7 0.015 ± 0.008 0.0020 ± 0.0010
S4TMJ0753+3416 07:53:46.21+34:16:33.60 0.14 0.96 27 56% 6.7 ± 2.3 11.2 ± 6.3 0.040 ± 0.023 0.0048 ± 0.0027
S4TMJ0754+1927 07:54:28.52+19:27:28.10 0.15 0.74 5 43% 4.1 ± 1.7 17.9 ± 10.9 0.072 ± 0.044 0.0091 ± 0.0055
S4TMJ0757+1956 07:57:48.99+19:56:16.30 0.12 0.83 9 32% 5.3 ± 1.4 28.4 ± 15.0 0.108 ± 0.057 0.0134 ± 0.0070
S4TMJ0826+5630 08:26:39.86+56:30:35.99 0.13 1.29 85 61% ... ... ... ...
S4TMJ0847+2348 08:47:27.69+23:48:19.50 0.16 0.53 17 79% 3.1 ± 0.7 0.8 ± 0.4 0.004 ± 0.002 0.0005 ± 0.0003
S4TMJ0851+0505 08:51:41.89+05:05:07.00 0.13 0.64 6 69% 5.9 ± 1.8 8.3 ± 4.5 0.036 ± 0.019 0.0046 ± 0.0025
S4TMJ0920+3028 09:20:48.28+30:28:18.40 0.29 0.39 8 48% 3.3 ± 0.5 1.1 ± 0.5 0.006 ± 0.003 0.0008 ± 0.0004
S4TMJ0955+3014 09:55:57.49+30:14:50.90 0.32 0.47 4 72% 2.4 ± 2.2 1.8 ± 1.8 0.009 ± 0.009 0.0012 ± 0.0012
S4TMJ0956+5539 09:56:54.84+55:39:47.30 0.20 0.85 19 46% ... ... ... ...
S4TMJ1010+3124 10:10:26.80+31:24:17.60 0.17 0.42 4 48% 5.0 ± 1.2 4.9 ± 2.5 0.024 ± 0.012 0.0033 ± 0.0017
S4TMJ1031+3026 10:31:21.01+30:26:58.00 0.17 0.75 5 69% 7.1 ± 1.9 20.0 ± 10.4 0.080 ± 0.042 0.0101 ± 0.0053
S4TMJ1040+3626∗ 10:40:58.50+36:26:28.60 0.12 0.28 3 78% 3.4 ± 0.7 0.8 ± 0.4 0.004 ± 0.002 0.0006 ± 0.0003
S4TMJ1041+0112∗ 10:41:22.85+01:12:24.20 0.10 0.22 5 73% 4.2 ± 1.2 0.3 ± 0.2 0.002 ± 0.001 0.0002 ± 0.0001
S4TMJ1048+1313 10:48:09.40+13:13:52.90 0.13 0.67 4 45% 4.2 ± 3.7 18.3 ± 18.2 0.077 ± 0.076 0.0099 ± 0.0098
S4TMJ1051+4439 10:51:09.41+44:39:08.51 0.16 0.54 3 52% 8.0 ± 2.0 17.3 ± 8.8 0.079 ± 0.040 0.0105 ± 0.0054
S4TMJ1056+4141 10:56:57.61+41:41:14.60 0.13 0.83 10 76% 3.2 ± 0.5 6.2 ± 2.9 0.024 ± 0.011 0.0029 ± 0.0014
S4TMJ1101+1523 11:01:13.13+15:23:39.60 0.18 0.52 5 48% 2.7 ± 0.8 3.5 ± 1.9 0.016 ± 0.009 0.0022 ± 0.0012
S4TMJ1116+0729 11:16:41.66+07:29:45.60 0.17 0.69 4 17% ... ... ... ...
S4TMJ1127+2312∗ 11:27:38.70+23:12:44.40 0.13 0.36 8 19% 5.7 ± 0.8 4.2 ± 2.0 0.022 ± 0.010 0.0030 ± 0.0014
S4TMJ1137+1818 11:37:28.61+18:18:12.40 0.12 0.46 10 23% 3.5 ± 0.7 3.7 ± 1.8 0.018 ± 0.009 0.0024 ± 0.0012
S4TMJ1142+2509 11:42:38.23+25:09:05.50 0.16 0.66 18 83% 3.4 ± 0.9 1.6 ± 0.8 0.007 ± 0.003 0.0009 ± 0.0004
S4TMJ1144+0436∗ 11:44:40.13+04:36:50.50 0.10 0.26 5 62% 10.5 ± 2.2 1.5 ± 0.8 0.008 ± 0.004 0.0012 ± 0.0006
S4TMJ1213+2930 12:13:03.72+29:30:22.40 0.09 0.60 21 49% 4.2 ± 1.3 2.0 ± 1.1 0.009 ± 0.005 0.0011 ± 0.0006
S4TMJ1301+0834 13:01:26.88+08:34:25.20 0.09 0.53 9 64% 8.9 ± 6.5 5.8 ± 5.0 0.026 ± 0.023 0.0035 ± 0.0030
S4TMJ1330+1750∗ 13:30:31.40+17:50:40.50 0.21 0.37 4 50% 2.9 ± 0.6 1.9 ± 0.9 0.009 ± 0.005 0.0013 ± 0.0007
S4TMJ1403+3309 14:03:09.67+33:09:17.80 0.06 0.77 9 68% ... ... ... ...
S4TMJ1430+6104 14:30:34.77+61:04:04.80 0.17 0.65 11 53% ... ... ... ...
S4TMJ1433+2835 14:33:51.63+28:35:16.40 0.09 0.41 10 37% 5.3 ± 1.3 2.2 ± 1.1 0.011 ± 0.006 0.0015 ± 0.0008
S4TMJ1541+3642 15:41:22.27+36:42:31.70 0.14 0.74 16 53% 5.9 ± 0.9 6.9 ± 3.2 0.028 ± 0.013 0.0035 ± 0.0016
S4TMJ1543+2202∗ 15:43:39.94+22:02:23.30 0.27 0.40 3 70% 10.5 ± 1.3 6.7 ± 3.1 0.033 ± 0.016 0.0047 ± 0.0022
S4TMJ1550+2020∗ 15:50:10.62+20:20:13.50 0.14 0.35 2 35% 6.3 ± 1.2 7.2 ± 3.6 0.038 ± 0.018 0.0053 ± 0.0026
S4TMJ1553+3004 15:53:16.14+30:04:25.70 0.16 0.57 5 75% 4.4 ± 0.9 5.5 ± 2.7 0.024 ± 0.012 0.0032 ± 0.0016
S4TMJ1607+2147 16:07:40.50+21:47:11.00 0.21 0.49 2 53% 1.6 ± 0.6 4.6 ± 2.6 0.022 ± 0.012 0.0029 ± 0.0017
S4TMJ1633+1441 16:33:44.16+14:41:54.90 0.13 0.58 19 51% 5.5 ± 1.1 2.6 ± 1.3 0.011 ± 0.006 0.0015 ± 0.0007
S4TMJ2309−0039 23:09:46.36−00:39:12.90 0.29 1.00 4 37% 2.1 ± 1.1 46.1 ± 32.3 0.161 ± 0.113 0.0190 ± 0.0133
S4TMJ2324+0105 23:24:27.77+01:05:58.50 0.19 0.28 8 73% ... ... ... ...
BELLSJ 0151+0049 01:51:07.37+00:49:09.00 0.52 1.36 7 43% ... ... ... ...
BELLSJ 0747+4448 07:47:34.75+44:48:59.30 0.44 0.90 26 51% 0.8 ± 0.2 1.2 ± 0.6 0.004 ± 0.002 0.0005 ± 0.0003
BELLSJ 0747+5055 07:47:24.12+50:55:37.50 0.44 0.90 3 31% 3.9 ± 1.7 81.6 ± 50.7 0.301 ± 0.187 0.0365 ± 0.0226
BELLSJ 0801+4727 08:01:05.30+47:27:49.61 0.48 1.52 4 50% 3.5 ± 0.7 229.8 ± 113.0 0.639 ± 0.314 0.0682 ± 0.0335
BELLSJ 0830+5116 08:30:49.73+51:16:31.80 0.53 1.33 6 23% 2.3 ± 1.1 134.0 ± 86.5 0.402 ± 0.260 0.0444 ± 0.0287
BELLSJ 0944−0147 09:44:27.47−01:47:42.40 0.54 1.18 5 37% 1.3 ± 1.0 34.5 ± 30.6 0.111 ± 0.098 0.0126 ± 0.0112
BELLSJ 1159−0007 11:59:44.63−00:07:28.20 0.58 1.35 8 43% 3.7 ± 0.6 81.4 ± 38.8 0.243 ± 0.116 0.0268 ± 0.0128
BELLSJ 1215+0047 12:15:04.44+00:47:26.00 0.64 1.30 3 14% 1.8 ± 0.8 266.6 ± 165.3 0.812 ± 0.504 0.0903 ± 0.0560
BELLSJ 1221+3806 12:21:51.92+38:06:10.50 0.53 1.28 4 36% 1.8 ± 0.7 97.2 ± 56.4 0.298 ± 0.173 0.0332 ± 0.0193
BELLSJ 1234−0241 12:34:27.99−02:41:29.60 0.49 1.02 2 44% 1.8 ± 0.3 50.9 ± 24.3 0.177 ± 0.084 0.0208 ± 0.0099
BELLSJ 1318−0104 13:18:29.39−01:04:21.60 0.66 1.40 7 46% 2.2 ± 0.6 68.3 ± 36.3 0.199 ± 0.106 0.0218 ± 0.0116
BELLSJ 1337+3620 13:37:51.31+36:20:18.10 0.56 1.18 12 15% 1.6 ± 0.7 46.4 ± 29.1 0.149 ± 0.093 0.0169 ± 0.0106
BELLSJ 1349+3612 13:49:10.30+36:12:39.70 0.44 0.89 5 36% 2.1 ± 0.3 23.6 ± 11.2 0.087 ± 0.041 0.0106 ± 0.0050
BELLSJ 1352+3216 13:52:18.99+32:16:51.80 0.46 1.03 6 9% 1.0 ± 0.3 65.5 ± 33.5 0.225 ± 0.115 0.0265 ± 0.0136
BELLSJ 1522+2910 15:22:09.54+29:10:21.90 0.56 1.31 6 43% 3.8 ± 0.8 114.8 ± 57.2 0.348 ± 0.173 0.0385 ± 0.0192
BELLSJ 1541+1812 15:41:18.56+18:12:35.10 0.56 1.11 4 45% ... ... ... ...
BELLSJ 1542+1629 15:42:46.33+16:29:51.80 0.35 1.02 3 25% 1.5 ± 1.0 57.2 ± 46.0 0.198 ± 0.159 0.0233 ± 0.0187
BELLSJ 1545+2748 15:45:03.57+27:48:05.30 0.52 1.29 4 23% ... ... ... ...
BELLSJ 1601+2138 16:01:13.27+21:38:33.90 0.54 1.45 3 26% 1.3 ± 0.8 151.4 ± 119.4 0.433 ± 0.342 0.0468 ± 0.0369
BELLSJ 1611+1705 16:11:09.80+17:05:26.60 0.48 1.21 3 34% 2.1 ± 0.3 121.7 ± 58.1 0.385 ± 0.184 0.0436 ± 0.0208
BELLSJ 1631+1854 16:31:50.33+18:54:04.10 0.41 1.09 19 12% 3.6 ± 0.5 59.5 ± 27.9 0.200 ± 0.094 0.0232 ± 0.0109
BELLSJ 1637+1439 16:37:14.58+14:39:30.10 0.39 0.87 11 41% 0.8 ± 0.2 3.2 ± 1.6 0.012 ± 0.006 0.0015 ± 0.0007
BELLSJ 2122+0409 21:22:52.04+04:09:35.50 0.63 1.45 6 19% 0.9 ± 0.5 93.4 ± 69.2 0.267 ± 0.197 0.0288 ± 0.0213
BELLSJ 2125+0411 21:25:10.67+04:11:31.60 0.36 0.98 4 18% 1.3 ± 0.2 42.0 ± 20.2 0.149 ± 0.071 0.0177 ± 0.0085
BELLSJ 2303+0037 23:03:35.17+00:37:03.20 0.46 0.94 7 28% 0.9 ± 0.2 9.2 ± 4.7 0.033 ± 0.017 0.0040 ± 0.0020
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0.8 per year, and the median Ncc for the SLACS, S4TM,
and BELLS lensed sources are 0.03, 0.02, and 0.2 per
year. The integrated rate of SNIa across the entire lens
compilation is a factor of ∼ 8 smaller than that of CCSN.
Figure 3 shows the predicted rates of both SN types in
the lensed source galaxies, as a function of the source
redshifts. Because the rates are either directly propor-
tional to (for CCSN) or determined to the leading order
(for SNIa) by the SFR, NIa and Ncc increase with source
redshift as a result of the same selection effect discussed
above. This is further evident in the bimodal distribu-
tions of NIa and Ncc seen in Figure 3, with the two peaks
corresponding to the lower-redshift SLACS+S4TM sys-
tems and the higher-redshift BELLS systems. For the
full lens compilation with 110 strong-lens systems, we
expect in total 10.4 ± 1.1 strongly lensed CCSN events
per year, and 1.23±0.12 strongly-lensed SNIa events per
year.
4. RATES OF DETECTABLE STRONGLY-LENSED
SUPERNOVAE
We now proceed to estimate the occurrence rates of
strongly-lensed SNe in each lensed source of our lens
compilation that could be detected given specific depths.
We assume all the detectable SNe in the lensed galax-
ies are strongly lensed too. We use depths of two ded-
icated time-domain facilities—the Zwicky Transient Fa-
cility (ZTF) and LSST—as reference survey depths. The
single-visit depth is 20.4 mag (5σ for point source, R
band) for ZTF (Bellm 2014), and 24.7 mag (5σ for point
source, r band) for LSST (Ivezic et al. 2008). We thus
consider “Program1” and “Program2” as two nominal
monitoring programs of this lens compilation with ca-
dences of 5 days and single-visit depths of 20.4 mag and
24.7 mag (both 5σ for point source) in the SDSS r band
(Doi et al. 2010), respectively.
The detectable SN rates depend on the SN luminos-
ity function, dust extinction, survey depth, and lensing
magnification. We assume peak absolute magnitudes in
Johnson B-band,MB, of different SN types are Gaussian
distributed with means and standard deviations given
by Richardson et al. (2014, Table 2). The relative abun-
dances of CCSN subtypes are taken from the same pa-
per. For each lensed source, we convert the MB distri-
butions of different SN types to distributions of appar-
ent magnitude in the r band. The conversion between
MB and r-band apparent magnitude is done based on
SN template spectra with SNCosmo (Barbary 2014), a
Python package that takes K correction and distance
modulus into account. Specifically, the mean spectrum
from Hsiao et al. (2007) is used for SNIa, the spectrum of
SN2006ep (Joubert et al. 2006) is used for Ib, the spec-
trum of SN2004fe (Pugh et al. 2004) is used for Ic, the
spectrum of SN2007pg (Sako et al. 2014) is used for IIP
and IIL, and the spectrum of SN2006ix (Bassett et al.
2006) is used for IIn. Due to the lack of observed spec-
tra with sufficient UV coverage for IIb, we use the Ib
spectrum as an approximation. As justified in the SFR
estimations, we assume for each lensed source a con-
stant extinction of AHα = 0.35 mag and convert AHα
to the extinction value in the observed r band follow-
ing a Calzetti extinction law (Calzetti et al. 2000). For
the redshift range considered in this paper (i.e. 0.2–1.5),
the applied extinctions in the observed r band are in the
range 0.5–0.8 mag.
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Fig. 5.— Expected occurrence rates of strongly-lensed SNIa (cir-
cles) and CCSN (squares) events in individual lensed sources that
can be detected in Program1 (black symbols) or Program2 (red
symbols) as functions of the source redshift assuming a fiducial
magnification factor of 5.
The lensing magnification essentially extends the in-
strumental detection limit by a factor of 2.5 log10 µ. Al-
though the total magnifications for the extended source
continuum regions have been calculated from the HST
data, the expected magnifications of lensed SN images
are very uncertain because an SN is essentially a point
source, the magnification of which is extremely sensitive
to its actual position in the source plane. It is also possi-
ble that the SN explosion happens away from the bright
continuum region of its host galaxy, especially for SNIa.
For the sake of simplicity, we adopt for all the sources
a fiducial magnification factor of 5 for the most magni-
fied SN image, which will extend the detection limit by
roughly 1.75 magnitude. We note that this is a conserva-
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tive assumption as the total magnifications of the three
discovered strongly-lensed SNe (all with four lensed im-
ages) are ∼ 30 − 100 (Quimby et al. 2014; Kelly et al.
2015; Goobar et al. 2017). We choose not to consider
magnitude fluctuations induced to individual lens sys-
tems by microlensing (e.g., Dobler & Keeton 2006) as it
would be beyond the scope of this paper.
In this work, we define a lensed SN as detected if
its extinction-corrected peak r-band apparent magnitude
is at least 0.7 mag brighter than the program’s effec-
tive depth, defined as the single-visit depth plus 2.5
log10 µ. The detected fractions of all SNe are derived
from the r-band apparent-magnitude distributions for
every single-visit depth. The detectable SN rates in each
lensed source are determined by multiplying the total
SN rates (NIa and Ncc) by these detected fractions. The
requirement to be 0.7 mag brighter than the effective
survey depth, used in Oguri & Marshall (2010), allows
detections of SN ∼10 rest-frame days before peak (e.g.,
Firth et al. 2015; Hoeflich et al. 2017; Taddia et al. 2018;
He et al. 2018). Given a cadence of 5 days, which cor-
responds to ∼ 3 rest-frame days in our sources, this re-
quirement ensures a reasonable sampling of the SN light
curve, especially the early, pre-maximum color curve that
is suggested to be insensitive to the microlensing effect
and therefore crucial for accurate time-delay measure-
ments (Goldstein et al. 2018).
Figure 4 shows the expected occurrence rates of de-
tectable strongly lensed SNIa (black solid line) and
CCSN (red dashed line) events as functions of the r-band
equivalent depth. Assuming a fiducial magnification fac-
tor of 5, it suggests that in this lens compilation, Pro-
gram1 could detect approximately 0.003 strongly lensed
SNIa event and 0.019 strongly-lensed CCSN event per
year while Program2 could detect 0.49 strongly-lensed
SNIa event and 2.1 strongly-lensed CCSN events per
year. In terms of the yields in individual lens samples, the
expected occurrence rates of detectable strongly-lensed
SNIa and CCSN in Program2 are 0.32 and 1.2 event per
year for the SLACS sample, 0.12 and 0.5 event per year
for the S4TM sample, and 0.05 and 0.4 event per year for
the BELLS sample. We also plot the expectations with
a fiducial magnification factor of 10, which are shown
by the vertical, gray dotted lines. The numbers increase
to 0.016 SNIa and 0.055 CCSN event per year in Pro-
gram1, and 0.65 SNIa and 3.3 CCSN events per year in
Program2.
We further examine the expected occurrence rates of
detectable strongly lensed SNIa and CCSN in each in-
dividual lensed source in Figure 5. The black symbols
show the rates of detectable SNIa (circle) and CCSN
(square) as functions of the SN (i.e. source) redshift for
Program1 assuming a fiducial magnification factor of 5,
while the red symbols are the same distributions but for
Program2. For Program1, the detectabilities of both SN
types drop almost monotonically against the SN redshift,
even though the overall SN rates are higher at higher red-
shifts. The reason is that the decrease in the fractions of
detectable SNe overwhelms the increase in the overall SN
rates at progressively higher redshifts given Program1’s
shallow detection depth. For Program2 with a deeper
detection depth, the detectabilities mildly increase with
redshift until about z = 1 beyond which the detectability
of SNIa starts dropping.
Our results suggest that it is better to preferentially
focus on lower source-redshift strong-lens systems in a
survey with a limiting magnitude similar to that of Pro-
gram1. A survey with a depth comparable to Program2
is generally sensitive to the entire source-redshift range
considered here. To further quantify this, we check the
slopes of the detectable SN rate-SN redshift relations of
both types at different detection depths. We find that the
slopes become positive when the detection depth reaches
about 24.5 mag or brighter. This implies that the actual
strategy of monitoring for strongly lensed SNe in our lens
compilation should be adjusted according to the survey
depth.
5. DISCUSSION
The biggest systematic uncertainty in our SN-rate es-
timation is in the conversion from [Oii] flux to SFR. Due
to the lack of data for full calibrations on a system-by-
system basis, we decided to use a subsample with si-
multaneous detections of Hα emissions from the lensed
sources and apply the resulting calibrations to the full
sample. We note that the obtained SFR-[Oii] flux rela-
tion after calibrations is almost identical to the classical
relation given by Kennicutt (1998). In principle, the un-
certainty of this calibration, which is found to be 50%
based on current data, can be improved by carrying out
additional photometric and spectroscopic observations of
the lensed sources.
When deriving SNIa rates, the SFH of each indi-
vidual lensed sources is assumed to follow the cos-
mic star-formation density evolution trend given in
Madau & Dickinson (2014) up to an overall normaliza-
tion factor. In practice, however, the SFH for each indi-
vidual galaxy will not follow this cosmic evolution trend
exactly, since it only represents a global average across all
galaxies. We therefore investigate the uncertainty intro-
duced to the inferred SNIa rate by the choice of SFH by
computing the SNIa rate under the assumption of a con-
stant SFR until the point of observation for each lensed
sources. Compared to the SNIa rates reported above, the
alternative SNIa rates vary from −20% to +3%, with
a median relative difference of −10% across all lensed
sources. This level of variation is much smaller than the
systematic uncertainty in the SNIa rate of ∼50%. The
integrated change in the total SNIa rate of the entire lens
compilation is as relatively small −4%. We find that the
SNIa rate is primarily determined by the most recent
SFH because of the rapid decline in the delay time func-
tion. In both SFH scenarios considered, the cumulative
SNIa rates have already reached 50% and 90% within
the recent 0.03 and 2 Gyr. In fact, the SNIa rate scales
almost linearly with the observed SFR with a slope of
4.5×10−4 SNe yr−1 (M⊙ yr
−1)−1, consistent with previ-
ous findings (e.g., Sullivan et al. 2006; Smith et al. 2012;
Graur et al. 2015). Overall, this test suggests that dif-
ferent choices of the SFH would only introduce a small
uncertainty in the SNIa rate, especially in the aggregate
across the entire lens compilation.
Compared to a blind search, our proposed targeted
search is significantly more efficient in finding strongly
lensed SN events, especially ones with wide image sep-
arations. For example, 130 strongly lensed SN events
with image separations larger than 0.′′5 will be detected
by LSST after a ten-year blind search of ∼20,000 square
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degrees’ sky (Oguri & Marshall 2010). Considering the
∼ 10 square degree field of view of LSST, at least 2000
frames need to be monitored to yield these SN detec-
tions. The detection efficiency, defined as the yield of
strongly lensed SN events per exposure time, of this
blind search is thus ∼ 0.006 event per year per frame.
Our proposed Program2 strategy, with the same depth
as LSST but targeted at known strong lenses, has a de-
tection efficiency of ∼ 0.025 event per year per frame,
and the expected median image separation is 2′′. Fur-
thermore, none of the previous predictions for the num-
ber of strongly lensed SNe in LSST considered the ef-
fect of dust extinction, which is known to significantly
reduce the number of detections. (Our detectable SN
rates and detection efficiencies would increase by a fac-
tor of ∼1.5 at LSST depth if the applied dust extinctions
were removed. ) Thousands of new strong-lens systems
will be discovered in the near future from dedicated sur-
veys (e.g., Marshall et al. 2009; Oguri & Marshall 2010;
McKean et al. 2015; Collett 2015; Diehl et al. 2017).
The application of an efficient strategy such as ours to
the monitoring of these new lenses will significantly in-
crease the yield of strongly lensed SNe.
A sample of strongly lensed SNe, especially SNIa,
will be a powerful resource for cosmological studies.
Time-delay cosmography with lensed QSOs is lim-
ited by the microlensing effect, which causes uncorre-
lated variability in the fluxes of different lensed images
in an unpredictable manner and therefore complicates
the time-delay measurement (e.g., Blandford & Narayan
1992; Wyithe & Turner 2002; Dobler & Keeton 2006;
Morgan et al. 2012; Tewes et al. 2013; More et al. 2017;
Yahalomi et al. 2017; Tie & Kochanek 2018). Compared
to QSOs, for which light curves are typically stochastic
with variability timescales extending to years, SNe have
single-peak, more homogeneous and standardizable light
curves that develop on timescales of weeks. It is therefore
much easier to determine time delays for lensed SNe than
lensed QSOs in the presence of the microlensing effect.
Furthermore, Goldstein et al. (2018) recently found that
accurate time-delay measurements can be obtained from
early-time color curves of strongly-lensed SNIa, which
are suggested to be almost immune to the microlensing
effect. Multiply lensed SN images increase the effective
number of SN events for observational study. In addi-
tion, with the aid of lensing magnification, more SNe at
higher redshifts with better measured light curves can be
obtained, which can enable more extensive study of the
expansion history of the universe at earlier times.
The standard-candle nature of SNe also pro-
vides extra constraining power on the mass dis-
tribution of the lens galaxy, which holds impor-
tant clues to galaxy formation and evolution (e.g.,
Gnedin et al. 2004; Nipoti et al. 2004; Gustafsson et al.
2006; Romano-Dı´az et al. 2008; Governato et al. 2010;
Duffy et al. 2010; Abadi et al. 2010; Martizzi et al. 2012;
Bolton et al. 2012b; Dubois et al. 2013; Velliscig et al.
2014; Shu et al. 2015). More accurate lens-galaxy mass
distributions could be obtained when the mass-sheet
and source-position transformation degeneracies are bro-
ken with known lensing magnifications. However, ab-
solute lensing magnifications are not direct observables
but rather are degenerate with the intrinsic luminosi-
ties of the lensed source, which in most cases are un-
known. Strongly-lensed SNe with intrinsic luminosities
that can be derived from lensing-independent observ-
ables are an important exception, and hence can pro-
vide better constraints on the lens-galaxy mass distri-
butions (e.g., Witt et al. 1995; Oguri & Kawano 2003;
Bolton & Burles 2003; Mo¨rtsell et al. 2005).
Multiply imaged SNe can furthermore revolutionize
the observational study of SN early and pre-explosion
phases, which are driven by simple, well understood
physics and thus provide crucial constraints on the pro-
genitor properties and SN explosion mechanisms. For
instance, Pritchard et al. (2014) and Ganot et al. (2016)
highlight the importance of early UV emissions in CC-
SNe in determining the physical properties of the progen-
itors. Tornambe’ et al. (2017) suggest that X-ray fea-
tures in advance of SNIa explosions are determined by
the rotation of the progenitors, which can be used to
distinguish between different progenitor scenarios. Such
types of observations are currently limited to a handful of
unlensed SNe for which archival data or prompt follow-
up observations are available (e.g., Gal-Yam et al. 2011;
Nugent et al. 2011; Li et al. 2011b; Dilday et al. 2012;
Cao et al. 2013; Gal-Yam et al. 2014; Kelly et al. 2014;
McCully et al. 2014). The delays in the arrival times of
multiple SN images, typically on scales from 1 day to 100
days, essentially replay the SN explosions multiple times.
The approximate explosion times and exact locations can
be predicted from the lens model after the arrival of the
leading SN image. Intensive real-time monitoring of the
SN site before its reappearance can be scheduled, which
will greatly expand the possibilities for early and pre-
explosion SN observations.
6. CONCLUSIONS
In this paper, we propose a highly efficient strategy of
finding strongly lensed SNe by monitoring known galaxy-
scale strong-lens systems. We assemble a compilation of
128 galaxy-galaxy strong-lens systems from the SLACS
Survey, the S4TM Survey, and the BELLS Survey. All
the lensed sources in this lens compilation are galaxies at
redshifts of 0.2–1.5 with significant recent star formation.
The median lensed image separation in the sample is 2′′.
The main findings based on this particular lens com-
pilation are as follows.
1. Assuming a Salpeter IMF, the intrinsic SFRs of the
lensed sources determined from the observed [Oii]
fluxes range from 0.3 M⊙ yr
−1 to 267 M⊙ yr
−1.
The lensing magnification and fiber loss are cor-
rected based on lens models from the HST imag-
ing data. The median SFRs for the SLACS,
S4TM, and BELLS lensed sources are 6 M⊙ yr
−1,
5 M⊙ yr
−1, and 68 M⊙ yr
−1, respectively. We find
the SFRs become higher at higher redshifts, which
is primarily determined by the selection effect that
sources at higher redshifts are biased to have higher
intrinsic [Oii] flux given a fixed observer-frame de-
tection limit.
2. The expected overall occurrence rates of SNIa and
CCSN in the lensed sources are estimated either
directly from the SFRs (for CCSN) or by convolv-
ing fiducial SFHs with a SNIa delay-time distribu-
tion. For individual lensed sources, the SNIa rates
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are in the range 0.0002–0.09 events per year, and
the CCSN rates are in the range 0.002–0.8 events
per year. On average, the SNIa rate is a factor of
∼ 8 lower than the CCSN rate. For the full lens
compilation, we predict 1.23± 0.12 strongly lensed
SNIa events per year, and 10.4±1.1 strongly lensed
CCSN events per year. Mainly due to the same
selection effect, the SN rates are higher at progres-
sively higher redshifts.
3. We quantify the expected occurrence rates of de-
tectable strongly lensed SNIa and CCSN events in
two nominal monitoring programs with different
depths. We assume a conservative fiducial magnifi-
cation factor of 5 for the most magnified SN image
is assumed. Within this lens compilation, our Pro-
gram1 is expected to detect approximately 0.003
strongly-lensed SNIa event and 0.019 strongly-
lensed CCSN event per year, while our Program2
can detect 0.49 strongly-lensed SNIa event and 2.1
strongly-lensed CCSN events per year. This detec-
tion efficiency is significantly higher than that of a
blind search.
4. For this lens compilation, it is more efficient to tar-
get either higher-redshift or lower-redshift strong-
lens systems depending on whether the single-visit
r-band depth is brighter than 24.5 mag or not.
In closing, we emphasize that the fundamental prin-
ciple of our proposed strategy is to focus on small
targeted sky areas—where known strong-lens systems
are located—as being more favorable sites for finding
strongly-lensed SNe. In the era that hundreds of new
SNe (including strongly-lensed SNe) are expected to be
discovered every night by high-cadence, all-sky surveys
such as ZTF and LSST, our proposed strategy sim-
ply helps in prompt and efficient identifications of the
strong-lensing nature of the detected SNe. Meanwhile,
it allows telescopes with small fields of views and lim-
ited observing time to efficiently discover strongly lensed
SNe with a pencil-beam monitoring strategy. As we
show in the paper, such tageted-search programs with
depths comparable to that of LSST can be produc-
tive today, which is particularly worthwhile consider-
ing that LSST is scheduled to start operation in 2022
(LSST Science Collaboration et al. 2017).
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